Abstract: Total genomic DNAs were extracted from several populations of pine species and amplified using oligonucleotides of random sequences. Polymorphism in random amplified polymorphic DNA (RAPD) markers was high and sufficient in distinguishing each of the species. Genetic relationships among eight pine species (Pinus sylvestris, Pinus strobus, Pinus rigida, Pinus resinosa, Pinus nigra, Pinus contorta, Pinus monticola, and Pinus banksiana) from different provenances were analyzed. The degree of band sharing was used to evaluate genetic distance between species and to construct a phylogenetic tree. In general, the dendrogram corroborated the description of relationships based on morphological characteristics and crossability, but also provided new insights into pine taxonomy. RAPD markers specific to some pine species were cloned and sequenced. PCR amplifications using pairs of designed specific primers revealed that all the cloned sequences were likely genus specific because they were not found in spruce or larch. True species-specific sequences were identified using designed primers flanking cloned RAPD fragments. The analysis of RAPD fragment sequences confirmed the genetic relationships among species. A 2281-bp RAPD band called PI-Mt-Stb-23 from P. strobus was used as a probe in restriction fragment length polymorphism (RFLP) analysis and produced distinct banding patterns for each species examined, consistent with the highly polymorphic character of DNA-fingerprinting probes.
Introduction
The genus Pinus is among the most widely distributed and prominent genera of trees in the world, including many of the most economically valuable species of forest trees (Critchfield and Little 1966; Strauss and Doerksen 1990) . The taxonomy of Pinus is based mainly on morphological and partially on molecular data that are incomplete for many taxa. Random amplified polymorphic DNA (RAPD) markers have been widely used in the reconstruction of phylogenetic relationships for many organisms and there has been general concordance among the results derived from RAPDs and other techniques. RAPD bands often originate from repetitive DNA sequences (Williams et al. 1990; Echt et al. 1992; Devos and Gale 1992) , which have been shown to be valuable instruments for studying phylogeny and taxonomy within several families. Their application within the Pinaceae for genetic analysis has been limited. They are abundant in plant genomes and have changed rapidly during evolution as compared with coding DNA sequences. Hence, it is possible to find RAPDs that are specific for individual species, groups of species, or genomes.
Although species-specific RAPD fragments have been identified in some Pinus species, none of them have been characterized. Moreover, their species specificity has never been confirmed with other techniques. Several studies have shown that most of the genome-specific RAPD fragments are not truly genome specific, because they cross hybridized to DNA from other species within the same family (Svitashev et al. 1998) . In some plant species, discrepancies in both the RAPD pattern inheritance and the sequence identity of fragments have been reported (Reiter et al. 1992) . Comigrating RAPD markers present in some plant species were shown to have non-homologous DNA sequences in hybridization experiments (Thorman and Osborn 1992) . The contradicting results concerning the reliability of RAPD markers indicate a need for further analysis of particular RAPD fragments before using them in genetic analyses.
The aim of this study was to identify and characterize species-specific RAPD markers among eight Pine species, mostly from North America, and to establish genetic relationships among them. The RAPD data were confirmed by restriction fragment length polymorphism (RFLP) analysis with cloned RAPD markers as probes. These molecular data provided taxonomic understanding as well as needed information and tools for ex situ conservation.
Materials and methods

Genetic materials
Seeds of 22 populations of different pine species including Pinus sylvestris, Pinus strobus, Pinus rigida, Pinus resinosa, Pinus nigra, Pinus monticola, Pinus contorta, and Pinus banksiana from different provenances (Table 1) were provided by the Canadian Forest Service (Fredericton, N.B.). The seed samples were collected from experimental plots and the identity of each species was verified by the suppliers. Seeds were placed in clear polycarbonate Petawawa germination boxes containing wet Kimpak cellulose paper and kept in a germinator at 25°C. Ten-day-old seedlings were collected and roots and seed debris were discarded. Seedlings were weighed, frozen in liquid nitrogen, and stored at -70°C until DNA extraction.
DNA extraction and amplification of RAPD markers
Total DNA was isolated from individual seedlings as previously described (Mosseler et al. 1992; Nkongolo 1999) . DNA prepared from all pine samples was used for PCRs. RAPD variations within and among populations were assessed using DNA from individual seedlings. For each population, 25 seedlings were analyzed. DNA was individually primed with different oligonucleotide primers synthesized by Gibco BRL (Rockville, Md.). In a 25-µL volume, 100 ng plant DNA, 0.5 µM primer, and 200 µM of each dNTP were mixed with 10× reaction buffer II (Applied Biosystems, Foster City, Calif.) and 0. (Maniatis et al. 1989 ).
RAPD analysis
RAPD assays of each population were performed at least three times each, with only reproducible, amplified fragments being scored. For each sample, the presence and absence of fragments were recorded as 1 or 0, respectively, and treated as discrete characters. Faint RAPD bands were not included in this analysis. Pairwise comparison of banding patterns was evaluated using RAPDistance Program version 1.04 (Armstrong et al. 1994) . The data were analyzed to generate Jaccard's similarity coefficients. These similarity coefficients were used to construct dendrograms using neighbour-joining analysis (Saitou and Nei 1987) .
Cloning and sequencing
RAPD bands specific to one or few pine species were extracted from agarose gels using Concert Rapid gel extraction system (Life Technologies, Rockville, Md.) and cloned into pGEM-T Easy vector (Promega, Madison, Wis.). The recombinant DNA was used to transform Eschericia coli JM 109 competent cells. Randomly selected white colonies were purified using Concert Rapid Miniprep System (Life Technologies) and the plasmid DNA was sequenced using an ABI 373 autosequencer (PE Biosystems, Foster City, Calif.) with four fluorescent dyes. Computer-assisted analysis of the sequence data was performed using ABI Prism sequencing analysis version 3.3 (Perkin Elmer Software) For each sequence, a pair of primers flanking the insert region was designed and synthesized. The nucleotide sequence data reported in this paper appear in the EMBL, GenBank, and DDBJ nucleotide sequence databases under the accession numbers AZ442432, AZ442434, AZ442431, and AZ442333 for Pi-Bank-Cont-Rig-23, PiRes-17, Pi-Bank-63, and Pi-Mt-Stb-23, respectively. Pi denotes pine; Bank, Cont, Rig, Res, Mt, and Stb denote pine species P. banksiana, P. contorta, P. rigida, P. resinosa, P. monticola, and P. strobus, respectively, from which the RAPD bands were extracted; and the numbers 23, 17, and 63 refer to the name of the primer used to amplify genomic DNA.
RFLP analysis
For interspecific RFLP analysis, 10 ug of genomic DNA from one representative genotype of each species was digested with DraI, HindIII, AluI, and BamHI. The digested DNA was separated in 0.8% agarose gel and transferred to nylon membrane (Hybond-N+, Amersham, Piscataway, N.J.) by Southern blotting (Southern 1975) .
The nonradioactive chemiluminescence method, ECL (Amersham), was used for probe labelling, hybridization, and detection of hybridization sites following the manufacturer's instructions. Cloned RAPD fragments were used as probes. They were denatured by boiling for 5 min and labelled by random priming. The membranes were baked for 2 h at 80°C and prehybridized at 65°C for 60 min in hybridization buffer. After hybridization with labelled probes at 65°C overnight, membranes were washed in an excess of different SSC solutions (2×, 1×, 0.5×, 0.3×, and 0.2× SSC) and 0.1% SDS at 60°C for 20 min. This was followed by a rinse in an antibody-wash buffer at room temperature for 1 min and an incubation for 60 min at room temperature in a 20-fold dilution of liquid block (Amersham). This was followed by an incubation in the presence of anti-fluorescein antibody -horseradish peroxidase (HRP) conjugate. Unbound conjugate was removed by four washings in 0.1% v/v Tween 20 in antibody wash buffer at room temperature.
Hybridization sites were detected using ECL detection reagents that contained both the chemiluminescent compound luminol and hydrogen peroxide. Oxidation of luminol was catalyzed by horseradish peroxidase linked to the hybridized probe, and light emitted was recorded directly on X-ray film. The film was exposed for 30 min before development.
Results
Genomic DNAs from North American pine P. strobus, P. rigida, P. resinosa, P. monticola, and P. contorta, were used to generate RAPD patterns with eight oligonucleotide primers. Two Eurasian pines, P. nigra and P. sylvestris, were included in this study for comparison purpose. Conditions have been optimized as previously described (Nkongolo et al. 1998 ) to allow reproducible amplification of RAPD. Reaction parameters including altering both the MgCl 2 concentrations and the temperature significantly influenced yield and the types of amplification product synthesized. In the present study all the primers have a GC content >60% and the optimal annealing temperature was 55°C. The best RAPD products were obtained with 42 cycles of amplification. As expected, a considerable degree of polymorphism was detected at the interspecific level with all eight primers. These primers generated 113 bands, of which 94% were polymorphic (Table 2 ). Figure 1 shows Table 3 . Distance matrix generated from pine RAPD data used in neighbour-joining analysis (RAPDistance version 1.04).
Fig. 2.
Dendrogram of the genetic relationships between eight pine species based on the Jaccard similarity matrix. The numbers above a branch indicate patristic distances as inferred by neighbour-joining (NJ) analysis.
with primer P23. The total and unique numbers of RAPD markers varied with the species and the primers. Certain amplified bands appeared to be common to several species, whereas others were present in some species but absent in others. The eight species were distinct in their RAPD profiles. The size of the amplified fragment ranged from 220 to 2880 bp. Each RAPD analysis was repeated at least three times in separate experiments and was always found to be reproducible. All the markers were scored by presence vs. absence of specific amplification products and the data was used to calculate values of genetic distance between all the species studied (Table 3 ). The genetic distance scale runs from 0 (identical) to 1 (different for all criteria). The interspecific relationship among the eight species as revealed by genetic distance calculated from RAPD data varied from 0.29 to 0.85 (Table 3 ). Using RAPDistance version 1.04, the best tree for these data was generated (Fig. 2) . The neighbourjoining phylogenetic analysis of the pine RAPD data set resulted in a tree with three clusters (Fig. 2) . The results suggest that the closest pine species analysed are P. contorta and P. banksiana from North America, followed by P. nigra and P. sylvestris. The most genetically distant species were P. contorta and P. strobus, followed by P. strobus and P. sylvestris, P. monticola and P. sylvestris, and P. monticola and P. nigra, respectively.
RAPD markers specific to one or few species were identified with the results being reproduced at least three times. These markers include Pi-Bank-Cont-Rig-23, Pi-Res-17, PiBank-63, and Pi-Mt-Stb-23. Pi-Bank-Cont-Rig-23 is a 361-bp RAPD marker specific to the P. banksiana, P. contorta, and P. rigida cluster; Pi-Res-17 is a 781-bp RAPD marker specific to P. resinosa; Pi-Bank-63 is a 661-bp RAPD marker that distinguished the two closest pine species, P. banksiana and P. contorta, from one another; Pi-Mt-Stb-23 marker is a 2281-bp band specific to P. monticola and P. strobus. These specific bands were extracted from agarose gels, cloned into the EcoRI site of pGEM-T Easy vector, and sequenced. Sequence comparison revealed no significant similarity to any sequence in EMBL-GenBank. All cloned sequences hybridized strongly to genomic DNA from various pine species analyzed after enhanced chemiluminescence (ECL) detection, indicating that at least a portion of these fragments was present in high copy numbers. Specific pairs of primers were designed to target these specific sequences in genomic DNAs (Table 4 ). The specificity of RAPD markers was verified by PCR amplifications using these designed pairs of specific primers flanking cloned RAPD fragments (Fig. 1b) . These amplifications revealed that all the cloned sequences were likely genus specific because they were not found in genomic DNA from spruce and larch. Half of the specific RAPD markers analyzed were truly specific to at least one pine species. The present study also demonstrated high sequence similarity between amplified sequences of the same molecular weight shared by several species. For example, a 2261-bp RAPD marker extracted from P. monticola and P. strobus showed exactly the same sequence.
The cloned RAPD markers were used as probes in RFLP analysis. All the enzyme-probe combinations generated faint RFLP bands that were difficult to score, with the exception of those involving the Pi-Mt-Stb-23 probe. Surprisingly, this probe revealed polymorphisms with more than one restriction enzyme (Table 5 ). The consensus sequence of this probe consists of an RAPD marker specific to P. strobus and P. monticola clusters (Fig. 3) . Overall, it generated 49 RFLP bands across the eight species analyzed, of which 40 (82%) were polymorphic. The RFLP profiles of all pine species analyzed with this probe and the restriction enzyme BamHI are shown in Fig. 4 . Each species has a distinctive fingerprint and similarities in banding patterns were consistent with genetic relatedness inferred with RAPD markers illustrated in Figs. 1 and 2 .
Discussion
In the present study, RAPD markers were very effective in identifying genetic differences among pine taxa. Polymorphism among the eight pines species (Pinus sylvestris, P. strobus, P. rigida, P. resinosa, P. monticola, P. contorta, P. monticola, P. strobus, P. nigra. P. resinosa, P. rigida, P. sylvestris, P. contorta, and P. banksiana,) . The letters K, M, R, W, and Y represent ambiguous bases; K, M, R, W, and Y in the sequence could be G or T, A or C, A or G, A or T, and C or T, respectively.
hybrids are intermediate between the parents in cones, needles, trunk, and crown shape (Vidakovic 1991) . Hybrid swarms of the two species have also been reported. The RAPD marker Pi-Bank-63, isolated and cloned, should be useful in the analysis of gene introgression between the two species. Another cluster consisted of P. monticola (Western white pine) and P. strobus (white pine), and was consistent with morphologically based classification that groups the two species in subgenus Strobus, section Strobus, subsection Strobi. The other cluster contains P. nigra (black pine) and P. sylvestris (Scots pine). Both belong to the subgenus Pinus, section Pinus, subsection Sylvestres. The two species are sympatric in Europe and hybrids from P. sylvestris × P. nigra have been obtained. RAPD data shows that P. rigida (Pitch pine), which belongs to the section Pinus, subsection Australes, was close to P. banksiana and P. contorta, belonging to the subsection Contortae and distributed throughout North America. Although P. resinosa (red pine) occurs in southern Canada and the northeastern part of the U.S.A. and is classified in subsection Sylvestres along with the European pines P. nigra and P. sylvestris, genetic analyses of the RAPD marker data show no close genetic relationship between this species and other pines analyzed. An RAPD marker (Pi-Res-17) found only in P. resinosa should be useful in molecular identification of this species. However, in previous studies using chloroplast DNA restriction-site analysis, Krupkin et al. (1996) demonstrated close genetic relationships between P. resinosa and P. sylvestris. Their studies used a different group of pines and generated clusters that could not be accurately compared with the present study. Further genetic studies of more species using nuclear genes are warranted to ascertain the genetic relationships of P. resinosa with North American and Eurasian pine species. RAPD fragments of the same size shared by different species were homologous, corroborating similar findings by other laboratories working with other plant species (Marilla and Scoles 1996; Tinker et al. 1993; Wilde et al. 1992) . Interestingly, the RAPD marker Pi-Mt-Stb-23 used as a probe consistently produced highly intense hybridization signals, with more complex banding patterns. This probe was isolated from the highly repetitive DNA of P. strobus and P. monticola and produced species-specific banding patterns to the genomic DNA of all the pine species analyzed. This suggests that at least parts of these sequences are likely present at different copy numbers in all eight pine species examined. This highly complex banding pattern provided extensive information from a single probing experiment. In general, genomic DNA probes can potentially detect more variation, because they are primarily from noncoding DNA sequences that tend to accumulate genetic alterations (Devey et al. 1991) . This high degree of polymorphism detected under different genomic-digest conditions can be explained by insertion-deletion events (Devey et al. 1991; Helentjaris et al. 1985) . The results described here indicate that probe PiMt-Stb-23 can be very useful in detailed genetic map analyses of pines.
One enzyme-probe combination in RFLP analysis was sufficient to differentiate pine species. Although the number of RFLP bands scored was relatively small, the degree of Fig. 4 . RFLP profiles of eight pine species with the restriction enzyme BamHI. Lanes 1 and 2 show specific fingerprints for P. monticola; lanes 3 and 4, P. strobus; lane 5, P. nigra; lanes 6 and 7, P. resinosa; lanes 8 and 9, P. rigida; lanes 10 and 11, P. contorta; lanes 12 and 13, P. banksiana; lanes 14 and 15, P. sylvestris). Lanes 16 and 17 are positive controls showing hybridization of the probe to itself.
band sharing was consistent with genetic relationships established by RAPD analysis. The addition of other enzymeprobe combinations did not help refine the analysis. This suggests that once the technique has been optimized and the appropriate primers and enzyme-probe combinations are identified, RAPD and RFLP are equally effective in analyzing phylogenetic relationships among Pinus species. This supports the hypothesis that the nature of the detected polymorphism was similar for both RAPD and RFLP. i.e., base pair changes or variations at either priming or restriction sites (Hallden et al. 1994; Dos Santos et al. 1994; Marilla and Scoles 1996) .
In conclusion, the interspecific RAPD variations were high and were used to establish genetic relationships among pine species. Although phylogenetic studies based on RAPD are less informative as compared with sequencing, this approach provided sufficient information to discriminate between taxa. Indeed in the present study, the sequencing data confirm the degree of genetic relatedness among species as determined by RAPD analysis. Further analysis of RAPD fragments provides useful information to determine true species-or group-specific markers. In addition, a close agreement of these results with morphology-based classification and RFLP results confirmed that RAPD analysis is a reliable method of determining genetic relationships within a conifer group.
